Elucidation of the regulatory controls on epithelial plasticity is pivotal not only to better understand the nature of metastasis but also for the design of targeted therapies to prevent the earliest steps in migration and invasion from the primary tumor. This review will highlight the role of the novel TRIM protein DEAR1 (annotated as TRIM62) in the regulation of apical-basal polarity and acinar morphogenesis as well as its function as a chromosome 1p35 tumor suppressor and negative regulator of TGFb-driven epithelial-mesenchymal transition (EMT). DEAR1 binds to and promotes the ubiquitination of SMAD3, the major effector of TGFb-mediated EMT, as well as downregulates SMAD3 targets SNAIL1/2, master transcriptional regulators of EMT. Cumulative results suggest a novel paradigm for DEAR1 in the regulation of the breast tumor microenvironment, polarity, and EMT. Because DEAR1 undergoes loss-of-function mutations, homozygous deletion, as well as copy-number losses in multiple epithelial cancers, including breast cancer, DEAR1 has clinical use as a predictive and prognostic biomarker as well as for stratifying breast cancers and potentially other epithelial tumor types for targeted therapies aimed at the pathways regulated by DEAR1. Cancer Res; 74(20); 5683-9. Ó2014 AACR.
Introduction
Aberrant signaling from the tumor microenvironment has been extensively documented both in vitro and in vivo to modulate epithelial plasticity and influence breast cancer proliferation and progression (1) . Cumulative studies provide strong support for the importance of tumor-tumor microenvironment interactions in cancer initiation and progression; yet, the underlying genetic mechanisms differentially regulating communication from the microenvironment in normal and tumor cells are not clear. Loss of polarity and tissue architecture is one of the earliest hallmarks of breast cancer invasion and metastasis, suggesting a critical link between mechanisms governing polarity, signaling from the microenvironment, and the regulation of breast cancer progression.
In the mammary gland, an intricate tissue architecture exists characterized by a highly organized, branching ductal-lobular network culminating in terminal structural units called acini. The precise timing and developmental events characterizing acinar morphogenesis have been demonstrated both in in vivo model systems and in elegant three-dimensional (3D) culture assays (2) . Individual acini consist of a bilayered epithelium surrounding a hollow lumen with an inner layer of polarized luminal secretory epithelial cells surrounded by myoepithelial cells, which are separated from the extracellular milieu by an intact basement membrane. Contraction of the myoepithelial cells propels milk produced by the luminal epithelial cells into the lumen and subsequently the ductal tree. Epithelial cell polarity and tissue architecture are thus critical for proper functioning of the mammary gland. In fact, polarized epithelia are essential for the establishment of cellular orientation within tissues and for appropriate responses to temporal-spatial microenvironmental signaling. However, coincident with the onset of invasion and metastasis, the mammary gland loses proper organization and polarity and increases cell proliferation (3) . Thus, loss of polarity in the mammary gland disrupts a delicate homeostasis balancing differentiation, proliferation, and death, thereby potentially rendering the epithelial cell refractory to growth inhibition, differentiation, or apoptotic signals and instead allowing for the inappropriate communication of growth factor signaling from the extracellular matrix (ECM; refs. 4, 5) . Loss of polarity is also associated with initial steps in epithelial-mesenchymal transition (EMT), a developmental program in which polarized epithelia are converted to motile, fibroblast-like cells, resulting in loss of polarity, remodeling of the extracellular matrix and actin cytoskeleton. Although polarity loss is a hallmark of early EMT, loss of a single polarity regulator thus far has proven insufficient to initiate EMT (6); however, loss of polarity has been shown to prime epithelial cells for cooperation with oncogenic signaling pathways to drive cancer invasion and metastasis. In that regard, loss of function of the polarity protein Scribble cooperates with c-myc to drive mammary tumorigenesis and activation of ErbB2 in cells lacking Scribble-, Dig1-, or Af-6induced invasion (4, 5) . Thus, loss of polarity is one of the earliest events in EMT and cooperates with signaling from the stroma to drive tumor progression.
In addition to loss of polarity, loss of cell-cell adhesion is also a critical initiating event in EMT with increased expression of a mesenchymal-like gene signature, including upregulation of vimentin, N-cadherin, fibronectins, and integrins, which couple the ECM to the actin cytoskeleton. Thus, a major function for cell adhesion molecules is to correctly "sense" the microenvironment and control cellular plasticity and movement by modulating responses between the cell and its environment. When EMT is inappropriately activated in cancer, loss of polarity and altered communication with the ECM result in migration, invasion, and, subsequently, recurrence and metastasis (7) . The genetic controls on cell polarity and EMT and their deregulation in cancer progression are critically important to elucidate and yet are largely unknown. A novel class of tumor suppressors was hypothesized by Petersen and colleagues to have the capacity "to sense" the microenvironment appropriately and to regulate the formation of 3D acinar structures (8) . By this definition, this class of tumor suppressor would undergo loss-of-function mutations in cancer, which would deregulate proper spatial restriction of signal transduction components and proper localization and function of polarity protein complexes and signaling from the microenvironment via disruption of appropriate communication through cell adhesion molecules, ultimately disrupting normal homeostasis. As such, this type of tumor suppressor could be pivotal regulators of EMT and master regulators of both polarity and cell adhesion, migration, and metastasis through their regulation of epithelial plasticity and could silence communication from the microenvironment. For example, p53, which is mutated in the germline in Li Fraumeni syndrome (9) , also shows gain-of-function mutations that disrupt acinar morphogenesis, polarity, and EMT (10, 11) . LKB1 is a polarity regulator/tumor suppressor that undergoes loss-of-function germline mutations in Peutz-Jeghers syndrome, a syndrome that predisposes to cancer development and is also somatically mutated in a number of epithelial cancers (12) . LKB1 loss of function also results in luminal filling of acini in 3D culture (13) . As a master serine/threonine kinase, LKB1 phosphorylates multiple targets, including AMPK, to activate AMPK/mTOR signaling, which are important for regulation of metabolism, growth control, cell polarity, and epithelial architecture (14) . Downregulation of some of the polarity regulators, including SCRIBBLE and PAR3, has been shown to be intimately involved in the loss of polarity in breast cancer initiation and progression and potentially function as context-dependent tumor suppressor (15) . SCRIBBLE loss of function results in loss of basolateral polarity and filling of the luminal space reminiscent of ductal carcinoma in situ (DCIS), an early precursor to invasive breast carcinoma. SCRIBBLE is also important for regulating the tight junction through EMT signaling by modulating MAPK/ERK activity in MCF10A cells (16) . Loss of PAR3 produces mammary epithelial cells with multilayered ducts and is deleted or downregulated in esophageal tumors (15) . In addition, genetic alterations resulting in loss of function of cell adhesion molecules that control EMT could also be included in the list of tumor suppressors inducing changes to polarity and epithelial plasticity. A classic example would be E-cadherin, in which germline mutations have been reported in gastric cancer as well as loss of function observed in the initial stages of EMT (17) . Thus, characterization of tumor suppressors that undergo loss of function and lead to loss of polarity and EMT is crucial in uncovering therapeutic strategies to alter the course of metastatic disease.
A Novel Tumor Suppressor That Regulates Polarity and Tissue Architecture
One of the most studied genomic intervals in human cancer lies within the short arm of human chromosome 1 in which LOH within three separate intervals occurs at high frequency in a variety of epithelial cancers, including both sporadic breast cancers and breast cancers with inherited predisposition (18) (19) (20) . LOH within chromosome 1p has been shown to predict poor prognosis in node-negative breast cancers, and allelic deletions in the 1p36 and 1p32 region correlate with poor survival (20) . Our laboratory discovered a novel gene DEAR1 (ductal epithelium-associated ring chromosome 1) by suppression subtractive hybridization cloning of genes differentially expressed between cells with and without functional complementation of the tumor suppressor locus NRC-1 within 3p12 (21) (22) (23) (24) (25) . DEAR1 was identified as a differentially expressed cDNA obtained from the suppression library that mapped into chromosome 1p35.1, a genomic interval downstream of chromosome 3p loss in a cytogenetic pathway for the evolution of smoking-related cancers, including lung, kidney, and breast cancer (24) . A 54-kDa protein, DEAR1 is a member of the TRIM (tripartite motif) family of proteins implicated in the organization and architecture of large protein complexes. To date, TRIM family members have been shown to be mutated in the germline in developmental disorders and play important roles in cancer, mostly in overexpression or oncogenic transformation or in the case of a few TRIM proteins, as tumor suppressors, such as the most well-characterized TRIM protein PML that is translocated to RARalpha in the chromosome t(15;17) translocation associated with acute promyelocytic leukemia. TRIM proteins have been shown to play critical roles in the regulation of cell proliferation, apoptosis, DNA repair, and antiviral activity (26, 27) . The first indication that DEAR1 might be a novel TRIM family tumor suppressor came from examination of its expression in normal tissue compared with tumors and cancer cell lines. DEAR1 is expressed in normal tissues but limited to the ductal and glandular epithelium and undergoes loss or downregulation of expression in breast cancer cell lines as well as in DCIS (71%), one of the earliest histologic precursors of invasive breast cancer (24, 25) . DEAR1 is also mutated (13%) and homozygously deleted in breast cancer, including early onset cases (24) . Targeted disruption of Dear1 in the mouse determined that Dear1 was a bona fide tumor suppressor, the knockout of which resulted in late onset epithelial adenocarcinomas in multiple organs, including mammary gland, kidney, pancreas, and lung as well as sarcomas and lymphomas (25) . Interestingly, Dear1 heterozygous as well as homozygous null animals formed tumors with approximately equal frequency, suggesting that Dear1 might be a haploinsufficient tumor suppressor. Immunohistochemical staining of representative tumors from the mouse model indicated that in the majority of adenocarcinomas, expression was absent, which would be expected for loss of function. However, in the majority of lymphomas, Dear1 was expressed in tumors (30%-80% of cells staining positively), indicating that Dear1 is a haploinsufficient tumor suppressor in certain tumor types (25) . Unlike classic tumor suppressors that regulate cellular proliferation, DEAR1 loss to date has not been shown to affect growth rates of human mammary epithelial cells (HMEC) in both 2D culture (unpublished observations) and 3D culture (24) . Rather, DEAR1 dramatically affects polarity and cellular architecture in 3D culture. Reintroduction of wild-type DEAR1 to genetically complement a missense mutation in codon 187 restored acinar morphogenesis in 3D culture in the 21MT breast cancer cell line. Conversely, stable knockdown of DEAR1 resulted in irregular, apolar acini consistent with its role in the regulation of apical-basal polarity and indicative that DEAR1 is a dominant regulator of acinar morphogenesis in 3D culture (24) . Thus, DEAR1 is a novel and critical tumor suppressor that regulates tissue architecture ( Fig. 1; refs. 24, 28) . Moreover, DEAR1 not only regulates apicalbasal polarity but also connects polarity regulation with control of the most important pathway implicated in the regulation of epithelial plasticity, TGFb pathway, which is upregulated in the stroma and is key to the onset of EMT, migration, and invasion associated with breast cancer.
DEAR1 as a Master Regulator of TGFb Signaling and EMT
The tumor microenvironment has been shown to exert a profound influence on the progression and metastasis of primary tumors, and yet the mechanisms regulating this effect are largely unclear. The TGFb pathway is one of the most deregulated pathways in breast cancer and intimately associated with the induction of EMT. TGFb is a critical cytokine, produced by the stroma, that functions as a potent tumor DEAR1 WT
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Loss of polarity DEAR1 knockdown suppressor in epithelial cell types and has been shown to inhibit proliferation and regulate differentiation and tissue architecture (29) . However, accumulating evidence has indicated its important role in promoting EMT and metastasis in many cancers (29) . TGFb is regulated in both an autocrine and a paracrine manner and induces cancer cell migration and invasion as well as deposition of ECM proteins (30) . TGFb signaling has been shown to be necessary for the survival of breast cancer cells and for the induction of EMT and cell migration, with clinical evidence indicative of a correlation between expression of TGFb ligands and poor patient outcome (31) .
WT DEAR1 complementation
The importance of DEAR1 in the regulation of TGFb signaling from the ECM was discovered when immortal HMECs for which DEAR1 expression had been stably knocked down (DEAR1-KD) failed to undergo acinar morphogenesis when TGFb was added to the 3D culture media as compared with wild-type DEAR1 controls that formed proper acini (25) . DEAR1-KD clones failed to upregulate caspase-3, indicative that the cells were not undergoing apoptosis, but rather the cells upregulated vimentin, an immediate early EMT marker, indicative that loss of DEAR1 resulted in a phenotype shift to a more mesenchymal phenotype in the presence of TGFb and furthermore, in wild-type DEAR1-expressing HMECs, DEAR1 restricted TGFb signaling from the extracellular milieu. In addition, compared with HMEC clones that express DEAR1, TGFb-treated DEAR1-KD clones exhibited pronounced migration across the wound in 2D culture as well as prolonged migration and invasion on top of and throughout the matrix in 3D culture (25) . TGFb-treated DEAR1-KD clones also displayed elevated levels of mesenchymal markers b-integrin and N-cadherin, as well as acquired markedly enhanced anoikis resistance, another important marker of EMT, in which increased survival of epithelial tumor cells occurs in the presence of inadequate or inappropriate contact with the ECM (7, 32) . Thus, DEAR1 loss of function in the presence of TGFb resulted in a failure of acinar morphogenesis, migration, invasion in 3D culture as well as anoikis resistance, indicative of alterations in the cell-matrix interaction, and key steps in TGFb-induced EMT (25) .
DEAR1 Regulation of SMAD3 as a Critical Mechanism to Control TGFb-Induced EMT
TGFb mediates its effects on cell signaling pathways and cell behavior through both canonical and noncanonical pathways. The noncanonical pathway is related to the regulation of polarity (a SMAD-independent pathway), in which TGFb receptors can activate Ras/ERK MAP kinases, Par6/Rho GTPases, and the PI3K/Akt pathways and lead to EMT through their regulation of cytoskeleton organization and cell junctions (33) . The TGFb canonical pathway is mediated through SMAD signaling. After binding TGFb, TGFb receptors, TGFbRII and TGFbRI, phosphorylate and activate receptor-activated (R)-SMADs (SMAD2/SMAD3), which form a complex with SMAD4 and then translocate from the cytoplasm to the nucleus in response to TGFb signaling to transcriptionally activate distinct sets of genes that repress the proliferative response or activate EMT (34) . Studies have found that SMAD2 and SMAD3 can play different roles in mediating TGFb signaling. SMAD3, but not SMAD2, has recently been reported to be readily degraded by the proteasome at the steady state, thus, SMAD3 protein is less stable than SMAD2 (35) . SMAD3, but not SMAD2, has the ability to directly bind DNA and thus has more versatile roles in transducing TGFb signals (36, 37) . Consistent with these studies, DEAR1 interacts strongly with SMAD3, but not SMAD2 or SMAD4, leading to the degradation of SMAD3, suggesting that DEAR1 specifically regulates SMAD3 (25) . SMAD3 activation results in the transcription of EMT markers, such as PAI-1, vimentin, and b-integrin, as well as master EMT regulators, Snail1/2 and Zeb1/2 (36) . In fact, treatment of DEAR1-KD clones with a SMAD3 inhibitor, SIS3 (38) or SMAD3 knockdown remarkably attenuated TGFb-induced cell migration and EMT marker expression. These data suggest that regulation of SMAD3 protein levels could be a critical step in preventing EMT and importantly that SMAD3 is a critical target of DEAR1 and underlies the mechanism by which DEAR1 inhibits TGFb signaling and TGFb-induced EMT (25) .
The Ubiquitination of SMAD3 Is a Mechanism by Which DEAR1 Finely Regulates the TGFb Pathway
Overactivation of the TGFb pathway has been extensively shown to drive EMT and metastasis (29) . However, abrogation of the TGFb pathway or SMAD signaling in mouse models has also been reported to enhance metastasis (39) . These studies indicate the context-dependent role of TGFb and suggest that gain or loss of function of TGFb pathway components may lead to metastasis. Therefore, fine regulation of the TGFb pathway could be very important in preventing metastasis.
One of the main mechanisms of regulation of cellular responsiveness to TGFb family ligands is through ubiquitination-mediated degradation of SMAD proteins. Although a number of E3 ligases have been shown to affect SMAD3 levels in the activated ligand-bound state, only a limited number of direct E3 ubiquitin ligases and other regulators have been reported to promote the ubiquitination of SMAD3 under nonactivated steady-state levels to negatively regulate TGFb signaling (40) . Regulation of the levels of nonactivated SMAD3 is important as it determines the sensitivity of SMAD3 to TGFb signaling. Both CHIP and Axin have been reported to promote the ubiquitination and degradation of nonactivated SMAD3 (35) . Casein kinase 1 gamma 2 (CKIg2), ROC1-SCF Fbw1a , WWP2-N, and Nedd4L have been shown to promote the ubiquitination and proteasomal degradation of SMAD3 under an activated state (35, 40) . Identification of additional ubiquitin ligases that regulate the ubiquitination of nonactivated SMAD3 will provide a better understanding of the physiologic regulation of SMAD3. Most recently, we reported that DEAR1 can promote the polyubiquitination and proteasome-mediated degradation of nonactivated SMAD3 (25) , highlighting that DEAR1 may play a pivotal role in the physiologic regulation of SMAD3 signaling. DEAR1 promotes the polyubiquitination of nonactivated SMAD3, yet it remains to be determined whether DEAR1 functions as a direct E3 ubiquitin ligase for SMAD3, although DEAR1 has been shown to possess ligase activity (41) . Because lysine linkage-specific ubiquitin chains ultimately decide the fate of ubiquitination, identifying the ubiquitin linkage of polyubiquitin chains supported by DEAR1 to promote the polyubiquitination of SMAD3 will provide novel insights into the mechanism of regulation of SMAD3 by DEAR1. Because DEAR1 undergoes mutations in multiple tumor types, including breast cancer, and because mutations in the RING domain of DEAR1 have also been reported in tumors (25) , it will be important to determine whether tumor-derived mutations may differentially regulate SMAD3 ubiquitination and promote aberrant TGFb signaling. Knockdown of DEAR1 in HMECs has been shown to dramatically elevate SMAD3 protein levels; however, HMECs expressing wild-type DEAR1 still express a detectable amount of SMAD3, which is phosphorylated and enters the nucleus (25) . Therefore, DEAR1 binding and ubiquitination may finely regulate SMAD3 protein levels. Once DEAR1 function is lost, more SMAD3 would be available for phosphorylation and nuclear translocation in the presence of TGFb. Therefore, the rapid turnover of nonactivated SMAD3 by DEAR1 ubiquitination may reflect the necessity for cells to more tightly control SMAD3 levels and thus control TGFb signal transduction ( Fig. 2; ref. 42 ).
The Importance of Genomic Alteration of DEAR1 in Cancer Development and Progression
In the 2011 revised version of Hanahan and Weinberg's hallmarks of cancer, genomic instability and the accumu-lation of mutations were noted as enabling characteristics instrumental in the expansion of tumor development, further promoting the acquisition of the integral hallmarks of cancer (43) . Chromosome 1 undergoes LOH at a relatively high frequency in multiple epithelial tumor types (29%-72%), including breast, colorectal, lung, stomach, and kidney, with chromosomal regions 1p31, 1p34-35, and 1p36 experiencing the highest frequency of copy-number loss (19, 44) . LOH of chromosome 1p has even been found to occur preferentially in estrogen receptor-positive (ER þ ) breast tumors and is associated in a multivariate analysis in breast cancer with a 2.7-fold increase in relative risk of death (44, 45) . One of the consequences of chromosome 1p loss would be coordinate loss of important tumor suppressors mapping into this genomic interval, including p73 and CHD5, within 1p36, CDKN2C (p18INK4C) mapping to 1p32, DEAR1 localized to 1p35.1, and the base excision repair gene, MUTYH, localized to 1p34. Loss of a single copy of chromosome 1p would be especially important if tumor suppressors in this genomic region were also haploinsufficient. Targeted disruption of Dear1 in the mouse indicated both that Dear1 was a "bona fide" tumor suppressor and in some cases functioned as a haploinsufficient tumor suppressor, suggesting that loss of a single copy of Dear1 might be sufficient as a "driver" event in certain human cancers. Thus, heterozygous loss of DEAR1 in combination with loss of additional chromosome 1p tumor suppressors could result in loss of growth control as well as increased migratory, invasive behavior due to loss of DEAR1 (24, 28) . In that regard, Muthuswamy and colleagues have made a strong case for the role of loss of polarity regulation in combination with overexpression of oncogenes driving malignancy and metastasis (46) . We propose that in the case of DEAR1, loss of function would involve not only disrupting polarity but also causing loss of its ability to function in ubiquitination of at least SMAD3 and potentially other targets yet to be discovered. Furthermore, loss of function of DEAR1 by mutation, copy-number loss, or loss of expression in conjunction with overexpression of key cytokines in the microenvironment, such as TGFb, activation of oncogenes driving growth, or loss of other chromosome 1p tumor suppressors, would result in enhanced migration, accelerated invasion, and metastasis (Fig. 2 ). DEAR1 has also been found to be mutated, at rare frequencies, in multiple cancer types (24) . The rare mutation rate observed in DEAR1 may be due to the fact that currently most sequencing methods have involved low coverage techniques and the sequencing of the primary tumor. Ultra-deep sequencing might be useful to detect rare variants in primary tumors that are also represented in metastatic lesions and therefore might represent "driver" events for early metastasis. To date, most of the mutations in DEAR1 are exonic and predicted by algorithms to be potentially deleterious (24, 25) . Mutations known to be in domains important to binding to other cell signaling regulators could potentially effect downstream signaling with large phenotypical changes. Moreover, ultra-rare loss-offunction nonsense and frameshift mutations of DEAR1 have been identified from the cBIO database that add further support to the tumor spectrum in the Dear1 mouse model and suggest that DEAR1 could be involved in multiple epithelial cancers.
The Clinical Utility of DEAR1 Mutation/ Copy-Number Alteration or Loss of Expression in Cancer
Genetic alterations and loss of expression of DEAR1 could have important clinical implications. Mutations in DEAR1 were found in early onset cases of breast cancer, and loss of expression of DEAR1 was a strong predictive biomarker of local recurrence in 123 cases from young women (24) . In addition, 70% of mutations were identified for which clinical information was available, although only a small population (n ¼ 10) was associated with lymph node involvement or metastasis (25) . Moreover, heterozygous loss of the DEAR1 locus along with SNAIL2 alteration at the mRNA or chromosomal level significantly correlated with overall poor survival in 889 cases of breast cancer independent of subtype (25) . Probably of most importance, although, would be the use of mutations, copy-number losses, or expression losses for stratification of breast cancers and potentially other epithelial cancers for risk assessment and for targeted therapies. Importantly, clinical application of TGFb inhibitors has proven difficult because of the broad role of TGFb in cancer and thus, selective targeting could provide a novel avenue for therapy (47, 48) . Because DEAR1 inhibits TGFb-induced EMT through targeting SMAD3, more effective treatments with specific targeted inhibitors of this pathway might be possible in the near future.
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